Imaging atmospheric Cherenkov telescopes (IACTs) are equipped with sensitive photomultiplier tube (PMT) cameras. Exposure to high levels of background illumination degrades the efficiency of and potentially destroys these photo-detectors over time, so IACTs cannot be operated in the same configuration in the presence of bright moonlight as under dark skies. Since September 2012, observations have been carried out with the VERITAS IACTs under bright moonlight (defined as about three times the night-sky-background (NSB) of a dark extragalactic field, typically occurring when Moon illumination > 35%) in two observing modes, firstly by reducing the voltage applied to the PMTs and, secondly, with the addition of ultra-violet (UV) bandpass filters to the cameras. This has allowed observations at up to about 30 times previous NSB levels (around 80% Moon illumination), resulting in 30% more observing time between the two modes over the course of a year. These additional observations have already allowed for the detection of a flare from the 1ES 1727+502 and for an observing program targeting a measurement of the cosmic-ray positron fraction. We provide details of these new observing modes and their performance relative to the standard VERITAS observations.
Introduction
Imaging atmospheric Cherenkov telescopes (IACTs) are the predominant instruments for veryhigh-energy (VHE, 100 GeV < E < 30 TeV) gamma-ray astrophysics, in particular for highresolution, high-sensitivity observations. However, most IACTs use photomultiplier tubes (PMTs) in their cameras, limiting the background light levels under which they can operate. If sufficiently high this background light can degrade or damage the PMTs. This presents a limitation on the amount of observing time available for source discovery or deep exposures. In particular this impacts studies of varying or transient sources where a regular cadence of observations is desirable.
Gamma rays or cosmic rays incident on the Earth's atmosphere generate a relativistic particle cascade, known as an "extensive air shower". IACTs detect these showers through the Cherenkov radiation induced by the particles as they propagate through the atmosphere. The mostly blue and UV Cherenkov light arrives at the ground tightly bunched in time (within a few nanoseconds) and spread over a roughly circular area of radius ∼ 120 m. The amount of Cherenkov light produced is proportional to the energy of the shower primary; Cherenkov photon intensities range from a few photons/m 2 at 100 GeV to over 10,000 photons/m 2 at 100 TeV [1] . In contrast, the nightsky-background (NSB) at the VERITAS site for wavelengths 290 nm < λ < 650 nm and a dark, extragalactic field (elevations > 60
• , outside the galactic plane and excluding bright stars) is (3.2 ± 0.8) × 10 12 ph/sr/s/m 2 [2] . Under a full moon, the NSB increases by a factor of 100 in the U-band (which is most relevant to Cherenkov telescopes) [3] . This NSB light provides a background above which the Cherenkov light must be detected. The energy threshold of an IACT is determined by the ability to image faint showers above the NSB and imaging these showers can dramatically increase the sensitivity of an IACT to many sources due to the power law nature of both the the source and cosmic ray background spectra.
By using the atmosphere as part of the detector in this way, the telescopes are able to image showers that fall over a large area, resulting in an effective collection area of ∼ 10 5 m 2 , orders of magnitude larger than the actual mirror area. An overview of the atmospheric Cherenkov technique is given in [1] .
Photo-multiplier tubes (PMTs) are the default photosensors for IACT cameras due to their high gain, low noise and fast response. They are used by all three of the major IACT arrays currently in operation: H.E.S.S. [4] , MAGIC [5] , and VERITAS [6] . The major disadvantage of PMTs is that exposure to bright light, even without the application of a high voltage, can result in damage. PMTs deteriorate over time due to the aging of their dynodes by the impact of electrons during the multiplication process. Aging occurs at a rate correlated with the integrated anode current, which is increased when NSB levels are elevated. For this reason, the VERITAS Collaboration imposes upper limits on the mean anode current (which depends on the NSB level) at 15 µA 1 . This level allows for multiple years of stable operation; the slow degradation of the PMT dynodes due to this current is compensated for by adjusting the PMT gains on a regular basis [7] . For comparison, the mean anode current for a dark, extragalactic field is 5 µA. Operating at higher currents results in faster degradation, requiring more frequent gain changes and reducing the overall lifetime of the PMTs. In addition, higher levels of NSB also reduce the signal-to-noise ratio of the shower Cherenkov light over the NSB. This reduces the sensitivity of the IACT, as well as raising the energy threshold. For VERITAS, this maximum anode current limits the observing time per year to about 1800 hours. Adverse weather conditions preventing observations, the VERITAS summer shutdown due to Arizona monsoons, and other losses reduce the number of observing hours to approximately 1000 hours per year.
The motivation for this work is to reduce the impact of NSB on the operation of VERITAS, thus increasing the duty cycle of the experiment. Though the relationship between anode current and Moon illumination is complex, depending on relative location in the sky and atmospheric conditions, the changeover to the new observing modes presented in this paper typically occurs when the Moon illumination exceeds about 35%. Any observations that are conducted above the NSB limit are described as "bright" moonlight observations as without altering the functioning of the array they would not be possible. In this paper we describe how we have conducted observations above this threshold at the cost of sensitivity or energy threshold, to allow deeper exposures (in particular at high energies where sensitivity is minimally affected by the NSB) and increased and more regular monitoring of variable sources.
History of Moonlight Observations
Several techniques have been developed to reduce the impact of sky brightness on IACTs. These can loosely be broken into three categories, described below.
Lowering the PMT gain
In order to reduce the damage to the dynodes it is possible to lower the gain of a PMT (i.e. the amplification factor of a signal produced at the photocathode) by lowering the high voltage applied to the PMT; this is henceforth referred to as "reduced high voltage" (RHV) operation. This technique was pioneered by the HEGRA Collaboration [8] where they used a variety of voltage levels to observe a number of sources, in particular bright, variable blazars such as 1ES 1959+650 [9] and Mrk 421 [10] . RHV observations under moonlight suffer from lower signal-to-noise due to the increased NSB levels; as a result, sensitivity to faint or distant showers is reduced and the effective energy threshold is increased. This reduces the effective collecting area of the array.
The MAGIC Collaboration uses PMTs that operate at lower gains than those employed by the VERITAS Collaboration (3 × 10 4 vs. 2 × 10 5 ); this enables them to operate under moderate moonlight and twilight conditions without needing to lower the PMT gains to accommodate the higher light levels [11, 12] .
Reduced optical sensitivity
An alternative approach has been to develop a technique to reduce the optical sensitivity of the camera, in particular to shape the spectral response of the camera to favor the UV part of the electromagnetic spectrum where most Cherenkov light is emitted. By using a camera that is sensitive to the UV, but not the optical, it is possible to reduce the noise from the NSB significantly more than the signal from the Cherenkov light, improving the signal-to-noise ratio while also protecting the camera against the increased NSB.
The Whipple Collaboration tested solar-blind PMTs and a liquid UV filter to conduct operations under moderate moonlight [13] [14] [15] . The liquid filter was contained between two quartz plates and increased the sensitivity of the experiment to air showers by a factor of three over the NSB.
Recently, the MAGIC collaboration has begun using UV filters to extend their observations through the full lunar cycle [16] .
Alternative camera types
An alternative approach was taken by the CLUE Collaboration which built an array of nine telescopes on the island of La Palma, Spain. To achieve their desired UV sensitivity they used a multiwire proportional chamber filled with TMAE (tetrakis(dimethylamino)ethylene) in place of PMTs. This substance has a particularly good photoconversion in the 180 − 240 nm range. The CLUE array was able to detect strong gamma-ray sources (the Crab Nebula and Mrk 421) as well as the deficit in the cosmic ray flux in the direction of the Moon [17, 18] .
Recent advances in silicon photomultiplier (SiPM) development have led to their use in cameras of IACTs. They are currently used on the First G-APD Cherenkov Telescope (FACT) [19] and are planned for use in some telescope types in the upcoming Cherenkov Telescope Array (CTA) [e.g. [20] [21] [22] [23] [24] . One of the main advantages of SiPMs is that they are not damaged by operation under very high background light conditions. This enables safe operation even under a full Moon [25] . However, SiPMs do not overcome the increase in background light and this, in turn, reduces the sensitivity to small showers, which increases the energy threshold and decreases the effective area. Their significant sensitivity to red light also makes them more susceptible to these effects than PMTs.
The Very Energetic Radiation Imaging Telescope Array System (VERITAS)
VERITAS is an array of four imaging atmospheric Cherenkov telescopes, located at the Fred Lawrence Whipple Observatory in southern Arizona. Each telescope is of Davies-Cotton design, with a 12-m aperture reflector comprising 350 hexagonal mirror facets. The focal length of each telescope is 12 m and each is equipped with a camera consisting of 499 close-packed photomultiplier tube "pixels" at the focus. The angular spacing between PMTs is 0.15
• which yields a total field of view of 3.5
• in diameter. A Winston-type light cone is mounted in front of each PMT to reduce the dead space between pixels, to reject stray light not arriving from the telescope reflector and to increase the light collection efficiency at the photocathodes from 55% to 75% [26] . LED flashers are used for pixel calibration [27] and short (2 -5 minute) dedicated calibration runs are conducted each night for each of the observing modes employed. VERITAS began full array operations in 2007 and in summer 2009 the first VERITAS telescope was relocated to increase the sensitivity of the array [28] . VERITAS uses a three-level trigger system for data acquisition [29] . The first level (L1) uses a programmable constant-fraction discriminator (CFD) requiring a PMT pulse height above a given threshold. This is set using a bias curve (Figure 1 ), at lower thresholds the triggers are dominated by NSB photons whereas at higher thresholds the trigger rate is dominated by light from cosmic ray showers. The CFD level is set to a value close to the inflection point of the bias curve to maximize the amount of useful data recorded; for normal observations the threshold is 45 mV, (around 4-5 photoelectrons). The turnover at very high rates (>1 MHz) is due to saturation in the VERITAS trigger system. The second level (L2, also known as the pattern trigger) requires a coincidence between three adjacent PMTs within a given coincidence window (currently 5 ns). The third level (L3, or array trigger) requires an L2 trigger from at least 2 telescopes within a 50 ns coincidence window. PMT signals are continuously digitized by 500 mega-samples per second flash analogue-to-digital converters (FADCs) to a memory buffer. If the L3 trigger criteria are met, 32 ns of data is read out from this memory buffer and stored to disk. In 2011, VERITAS upgraded the L2 trigger to a field-programmable gate array (FPGA) based system. This new system allows for tighter coincidence windows between adjacent PMTs which reduces accidental L2 (and thus accidental L3) triggers [30] .
In summer 2012 the cameras in each telescope were upgraded with new, high quantum efficiency photomultiplier tubes (from Photonis XP2970 with a peak quantum efficiency of about 23% at 400 nm to Hamamatsu R10560-100-20MOD, with a peak quantum efficiency of about 35% at 350 nm) [7] . This has resulted in a decrease of the analysis energy threshold to ∼ 85 GeV from ∼ 130 GeV for studies targeting low-energy processes (e.g. pulsar analyses optimized for sources with very soft spectra).
VERITAS Observations Under Moonlight

Raised CFD Trigger Threshold Observations
Under low levels of moonlight (typically with the lunar disk less than 35% illuminated or when the moon is close to the horizon or is obscured by nearby mountains) the PMT currents do not rise to a level which would be damaging. However, the accidental trigger rate does increase (see Figure 1 ), increasing the array deadtime and reducing the overall sensitivity of the experiment. To counteract this, the CFD thresholds are raised from 45 to 65 mV, reducing the accidental trigger rate at the cost of sensitivity to the dimmest showers. The CFD threshold change is implemented when the average currents reach 10 µA, about twice the level of a dark extra-galactic field and above all but the brightest galactic fields. This method has been used for many years by VERITAS and was first used in the detection of W Comae [31] . Note that the location of the inflection point changes as a function of many parameters (moon illumination, elevation, and angle from telescope pointing, etc.) so in the case of the data taken under low amounts of moonlight ("rCFD") shown in Figure 1 the inflection point is below 65 mV. 65 mV has been chosen conservatively to allow observations to take place up to currents of 15 µA while maintaining a sufficiently low L3 rate that the array deadtime remains low.
Reduced High Voltage Observations
By reducing the high voltage applied to a PMT its gain is lowered, reducing the current through the dynodes and reducing the rate of damage. However, though the reduction in the gain protects the dynodes, it does not provide any preferential reduction in the NSB over the Cherenkov signal; thus it becomes harder to discriminate weak signals from the increased background. This reduces the sensitivity to faint showers, increasing the energy threshold. It is therefore necessary to choose a level of reduction that provides a suitable compromise between the requirements: reducing the gain sufficiently to protect the camera, while also operating the PMTs within specifications and maintaining maximum sensitivity to faint showers. This prevents further reductions in the high voltage.
The PMTs used by VERITAS have a gain dependence on high voltage that can be described by a power law of index approximately six. When operating in RHV mode, the PMTs are operated at a gain of about 30% of normal (which corresponds to 81% of the nominal voltage). To correct for PMT-to-PMT variation in the precise values of the power-law index, a flat-fielding procedure is performed at the lower voltage to improve the uniformity of the camera's response (as described in Section 3). As with normal running, the CFD thresholds are adjusted according to the prevailing NSB conditions, typically to 25 mV (see Figure 1) . Due to the low trigger rates in RHV mode it is possible to operate below the inflection point without incurring a significant increase in the array deadtime and use offline analysis to remove NSB triggers. This has the advantage of lowering the trigger energy threshold for RHV observations.
Operating in the RHV mode allows VERITAS to conduct observations when the average currents rise above 15 µA (which corresponds to an NSB level about three times a dark extragalactic field and typically occurs when the Moon reaches 35% illumination). Observations continue in RHV mode until the currents again reach the upper limit of 15 µA (about 10 times the NSB level of a dark, extragalactic field, around 65% Moon illumination). To continue observing above this Array trigger rate versus CFD threshold for four different observing modes under typical conditions for that mode. "rCFD" corresponds to data taken under low levels of moonlight when observations are conducted with raised CFD thresholds at 65 mV (dotted line) rather than the normal 45 mV (dashed line). It can clearly be seen that for low thresholds, the trigger rate is substantially higher even under low amounts of moonlight, in this case raising the threshold from 45 to 65 mV results in a reduction in the L3 rate by a factor of ∼ 5 for the rCFD data. Data for the RHV and UVF observing modes (described later in the main text) are also shown.
level would require a further reduction in the high voltage. This is not possible while continuing to operate the PMTs within specifications, thus VERITAS uses an alternate observing mode, described next.
UV Filter Observations
When the sky is too bright to allow RHV observations, VERITAS switches to a UV filter (UVF) observing mode which uses UV bandpass filters to reject moonlight photons. VERITAS uses 3-mm-thick SCHOTT UG-11 [32] glass filters. The transmission spectrum of the filters is given in Figure 2 with the ASTM G173-03 reference solar spectrum [33] and the spectrum of Cherenkov photons from a 500 GeV gamma-ray shower as seen at the altitude of the VERITAS telescopes after accounting for atmospheric absorption. The lunar spectrum at the ground is similar to the solar spectrum at the ground, with variations due to the lunar albedo; see [34] for a comparison. When the filters are used, the integrated response of a VERITAS PMT to the Cherenkov spectrum given in Figure 2 is reduced to approximately 15% of the nominal response whereas the response to the solar spectrum is reduced to approximately 3%, giving a factor of approximately five improvement in the signal-to-NSB ratio as well as reducing the number of photons incident upon the PMTs. The filters allow operation up to about 30 times the NSB of a dark, extragalactic field (about 80% Moon illumination). ) quantum efficiency and SCHOTT UG-11 total filter transmittance (for a 3 mm thick filter including reflection and correction for nonnormal incidence). Also plotted are the Cherenkov spectrum of a 500 GeV gamma-ray shower and the solar spectrum. Both spectra have been corrected for the effects of atmospheric absorption but not for the effects of mirror reflectivity.
Rather than one large piece of glass, which is fragile and expensive, a "filter plate" was manufactured using 499 individual filters (one for each PMT), as shown in Figure 3 . The filter plate is made of three layers of plastic; the central layer has holes with the same diameter as the filters into which the filters are placed. This is then sealed between two thin sheets with holes smaller than the filters but larger than the exit apertures of the Winston cones (so there is no obstruction of the light exiting the cones). The plate is then mounted between the VERITAS camera PMTs and light cones. The entire assembly is less than 5 mm thick so it is a small perturbation to the optics of the camera assembly. Figure 3 : A UV filter plate with one filter for each PMT mounted in a central plastic layer which is then sandwiched between two thin (gray) plastic sheets with holes smaller than the filters but larger than the exit apertures of the light cones.
The filters have a nominal peak transmission of 72% for normal-incidence photons [35] , but this is reduced for photons entering at an angle, due to their increased path length in the filter and increased reflection from the filter surfaces. This reduction has been estimated using a ray-tracing program and has been determined to be approximately 15%, bringing the peak transmission down to 62% (Figure 2) .
Installation or removal of the filters by a pair of observers takes approximately 15 minutes per telescope, taking one hour for a typical observing crew of three. It should be noted that installation and removal are never done during normal observing (NOM) time. For example, one can install the filters during daylight hours and remove them before the Moon has set. After installation, as for normal observations, a flasher run is taken for gain correction, but no additional changes to the array settings are required (including the CFD thresholds, which are maintained at 45 mV, Figure 1 ).
Bright Moonlight Observing Program
Prior to the inception of the RHV and UVF observing modes, VERITAS did not observe when the the average camera current rose above 15 µA. The use of bright moonlight time has increased the number of hours VERITAS can observe by roughly 30%. The breakdown of a typical dark run (i.e. a lunar cycle) is shown in Figure 4 . As well as increased exposure for a large number of observing programs, the ability to observe under moonlight has enabled continued observations of transients through the so-called "bright period", increasing the chances of catching flaring objects and reducing the gaps in light curves. Note that the duration of the bright period and the breakdown between the different modes is dictated by the specific time at which the full moon occurs. Hence, the different modes can have slightly longer or shorter durations in different months. When conducting observations with the Moon above the horizon, there is significant variation in the NSB level with angular distance from the Moon. The anode currents are lowest when the array is pointing about 90
• from the Moon and the illumination levels quoted in this paper are based upon observations pointing in this direction. A lack of suitable targets close to this location and/or the presence of clouds which reflect the moonlight and raise the anode currents reduces the Moon illumination at which the changeover between modes occurs. It is noted that clouds have a significant impact on the anode currents, for this reason no data are taken in either RHV or UVF modes if there are clouds or any other adverse weather conditions which impact upon the quality of the data.
Due to the energy threshold and sensitivity differences between the observing modes, VERI-TAS preferentially observes in the standard observing mode (NOM) rather than RHV mode, and RHV mode rather than UVF mode, wherever possible. This is done through target selection by the observers to select high elevation targets that lie as close as possible to 90
• away from the Moon. This maximizes the sensitivity of the instrument to gamma rays during moonlight observations and ensures the lowest-possible energy threshold.
Analysis of Moonlight Data
Moonlight-data are analyzed using the standard VERITAS analysis packages [36] but with the use of dedicated instrument response functions generated from simulations that incorporate the changes to the array. For the RHV simulations this is achieved by adjusting the gain in the detector model to the reduced value (∼ 30% of nominal, as previously stated). UVF-mode simulations are produced using a detector configuration where the wavelength-dependent quantum efficiency of the PMTs is multiplied with the the wavelength-dependent transmission of the filters.
The detector response for each observing mode will be different for a given air shower, so analysis cuts must take this difference into consideration. In this work, the minimum image Size (integrated signal in the image) requirement has been reduced by a factor of 3.5 for the analysis of RHV and UVF observations to account for the reduction in the Size of the signal from the PMT for a given number of photons. This reduction reflects the gain reduction for RHV observations (1/3.5 ≈ 0.3 corresponds to the 30% gain reduction) with the aim of matching the analysis energy threshold between the NOM and RHV observing modes. Though it would be possible to adjust the Size cuts to match the analysis energy thresholds for all three observation types, this would increase the analysis energy threshold in comparison to that used in a typical VERITAS analysis (due to the significantly higher trigger energy threshold of UVF observations). For analyses requiring a lower energy threshold (e.g. soft-spectrum sources), it is possible to reduce the Size cut for NOM observations to attain a lower energy threshold. However, RHV and UVF analyses already use a small Size cut and thus the analysis energy thresholds in this work are close to the lower limit of that observing mode.
Other than the Size cut, standard VERITAS image-quality and gamma-hadron selection cuts were applied. These cuts were optimized on observations of the Crab Nebula with the signal strength scaled to 5% of its measured value to simulate a weaker source using an independent, NOM data set. The aim of this optimization was maximizing the sensitivity rather than minimizing the analysis energy threshold. For this work, these standard cuts have been used to compare the performance of the different observation modes.
It is possible to improve the sensitivity to hard-spectrum, weak sources by increasing the minimum Size cut. For example, for observations conducted in RHV mode, increasing the Size cut by a factor of 3.5 to match that used in the NOM analysis reduces the time to detect a source with the strength of 1% of the Crab Nebula from 1820 to 1200 minutes. Note that this improvement comes at the cost of a raised analysis energy threshold. Table 1 : Compilation of the performance values for the different observing modes for the gammahadron separation cuts used in this analysis. Detection is defined as 5σ using the ring background method [37] . "Raw" and "corrected" sensitivity values correspond to the sensitivity based on the raw exposure (the total length of time the array is taking data, excluding periods removed for bad weather) and live time, respectively.
Sensitivity
The observations of the Crab Nebula used in this work have been performed in each of the three observing modes (NOM, RHV and UVF), consisting of 320, 470, and 535 minutes of exposure, respectively (the NOM data set is a small subset of the VERITAS data set chosen to have overall sensitivity and observing conditions comparable to the RHV and UVF data sets). All data were taken during good weather and with the source at high elevations (zenith angles 25 • ). The resulting sensitivity of each observing mode to sources with a Crab Nebula-like spectral shape and fluxes of various fractions of the Crab Nebula flux is given in Table 1 , along with the energy threshold corresponding to each analysis (defined as the low energy edge of the lowest energy bin in the spectral reconstruction with an energy reconstruction bias (E rec − E MC )/E MC of less than 10% for the Crab Nebula). In addition, Table 1 includes the sensitivity of each observing mode with a cut applied to remove showers with an energy below 1 TeV. It can be seen that the RHV sensitivity and analysis energy threshold are very similar to the NOM sensitivity and analysis energy threshold with these cuts, while the UVF sensitivity is about a factor of two lower than the NOM and RHV sensitivity, this is in part due to the higher analysis energy threshold as can be seen in the smaller sensitivity difference above 1 TeV.
With these analysis cuts, which were chosen to match the energy threshold of the NOM and RHV datasets, the NOM and RHV analyses have similar performance when considering the total exposure (time observing the source). This is in part due to the lower trigger rate of RHV observations (180 − 200 Hz cf. 450 Hz for NOM) which reduces the deadtime of the array. If a correction is made for this and the sensitivity is calculated as a function of the live time of the array, NOM observations are more sensitive than RHV. The UVF configuration is significantly less sensitive than the NOM mode and has a higher analysis energy threshold and has typical trigger rates of about 50 Hz. Examples of the effective area as a function of energy used in this analysis are given in Figure 5 . The RHV effective area is comparable to the NOM effective area at all energies above about 300 GeV. Furthermore, for the cuts used in this work, the analysis-level energy threshold is similar for the two modes (about 160 GeV). The UVF energy threshold in this analysis is significantly higher (about 250 GeV) with a comparable effective area only reached above 1 TeV.
The angular resolution of each observing mode has also been investigated; the angular res- • zenith angle and typical observing conditions for that mode. Above 300 GeV, RHV is very similar to NOM. Conversely, UVF is less than the NOM configuration at all energies; this is consistent with there being a reduced collection efficiency due to the reduction in the number of Cherenkov photons reaching the PMTs due to the filters, reducing the sensitivity to faint showers. olution of the RHV mode is similar to that of NOM (0.1
• 68% containment radius at 1 TeV). Conversely, UVF has systematically poorer angular resolution; this is a 15% effect at 1 TeV and a 35% effect at 500 GeV. This is consistent with there being less light arriving at the PMTs for a given shower which results in fewer PMTs contributing to the shower image, which increases the uncertainty in the reconstruction of the shower's arrival direction.
Systematic Uncertainties Associated with New Observing Modes
The dominant systematic uncertainties for IACTs are: limits in the knowledge of the time variability of the atmospheric parameters, the impact of degradation of the mirrors due to aging, and PMT-to-PMT variation in the quantum efficiency. None of these factors are impacted by the changes associated with these two new observing modes. Thus we do not expect a significant change in the systematic uncertainties. To estimate any additional impacts, we consider each mode in greater detail.
The PMT pulse shape and width vary as a function of high voltage, with the differences resulting from the voltage change used in this observing mode sufficiently small that it does not impact upon the telescopes operation and thus does not introduce any additional systematic error. The additional PMT-to-PMT variation due to the reduction in gain is small, and is corrected for in the analysis of the data by using the nightly flasher runs and, when combined with other errors, they are not expected to increase the overall systematic uncertainty. Comparisons of data to Monte Carlo simulations made for RHV show good agreement (comparable to those of the NOM data set). The standard estimate of the systematic uncertainty of the VERITAS energy scale is ∼ 15 − 20% (see [38] ), resulting in a systematic uncertainty of 20% on the source flux and 0.2 on the spectral index for a Crab Nebula-like spectrum. Given the agreement between the RHV and NOM data/Monte Carlo comparisons, we maintain these systematic uncertainties for the RHV mode.
The impact on the systematic uncertainties is different for the UVF mode as the addition of the filters both adds additional material for reflection/absorption (the response of which can change over time like the rest of the telescope optics), and displaces the light cone entrance relative to the focal plane (increasing the optical point spread function). The effect on the telescope optics is small and is hence not expected to contribute to the overall systematic error of the measurement.
Over time, wear on the filter surfaces could degrade the overall transmittance of the filters (in the same way that the mirrors degrade). The mirror degradation is (conservatively) a 5% per year effect in the overall reflectivity. However, unlike the mirror facets, the filters are not constantly exposed to the elements; they are shielded by the camera structure when in use and stored in a protective casing otherwise. Thus, aging of the filter surfaces is not expected to significantly impact the systematic uncertainties associated with UVF observations.
A source of additional uncertainty is due to the modeling of the optical properties of the filters. As was stated earlier, an attenuation factor has been determined using optical simulations of the VERITAS focal plane. Any systematic difference between the calculated and true attenuation factor will have an effect on the absolute energy scale of the experiment, which will affect the overall systematic errors of the UVF observations. The analysis of UVF simulations has demonstrated that the energy reconstruction resolution of UVF data is systematically poorer than for NOM and RHV data at the energies relevant to this work; the magnitude of this effect is energy-dependent and ranges from a few percent (above 5 TeV) to about 20% below 1 TeV. Based on this and the relative importance of this uncertainty in comparison to the other systematic uncertainties, we conservatively increase the estimate of the systematic uncertainties to 0.25 and 25% for the uncertainty on the spectral index and energy scale for a Crab Nebula-like spectrum, respectively.
Spectral Analysis of Crab Nebula Observations
A useful check of new observing modes (and new instruments) is whether or not they reproduce a known result. In VHE gamma-ray astrophysics, it is common to use the Crab Nebula for these purposes since it is a strong, steady point source at VHE energies.
The Crab Nebula's energy spectrum has been reconstructed for each observing mode using the same datasets as before. The data from each observing mode has been fitted with a power law,
with the fitted values given in Table 2 , and plotted in Figure 6 alongside the VERITAS spectrum from [39] . The NOM and RHV spectra agree well; the differences in the UVF spectra are within the uncertainties in the energy reconstruction coupled with fluctuations due to low statistics. The spectra have also been compared with the published spectra from the H.E.S.S. [4] and MAGIC [40] collaborations and agree within systematic errors. Figure 6 . Each dataset was fitted with a power law at a normalization energy E 0 = 1 TeV.
Application to Existing Observations and Future Projects
Through these new modes, VERITAS has been able to conduct both novel measurements and increase the exposure for existing observing programs. The ability to monitor targets during moonlight has resulted in the detection of a flare from the blazar 1ES 1727+502 [41] that otherwise would have gone unnoticed and significantly increased the exposure on a sequence of flares from the blazar 1ES 1959+650 [42, 43] . Furthermore, it is now easier to monitor periodic sources, such as the X-ray binary LSI 61
• 303, which has an orbital period close to the lunar cycle (26.5 days [44] ), which tends to restrict observations to roughly the same orbital phase. This object is known to undergo flaring [45] and shows orbital and super-orbital variability [46, 47] . Also, the increased exposure allows for more flexible scheduling of multiwavelength observations. An effort has also been made to measure the cosmic ray Moon shadow using the Earth-Moon ion spectrometer (EMIS) technique [48] to measure the cosmic-ray positron fraction. It is difficult to discriminate between positrons, electrons, and diffuse gamma rays due to the fact that the air showers caused by these particles is entirely electromagnetic and hence look identical in a standard analysis (whereas the majority of hadronic showers are easier to discriminate from electromagnetic ones).
A measurement can be conducted by observing the deficit in the cosmic ray flux (which is otherwise uniform) caused by the Moon. Since electrons and positrons are oppositely charged, their deficits are deflected in opposite directions due to the Earth's magnetic field. The charge of the cosmic ray primary can then be measured since the amount of deflection is inversely proportional The values for all the fits are given in Table 2 . Also included are historical measurements made by H.E.S.S. [4] , MAGIC [40] and VERITAS [39] shown as their 1 σ statistical error bands.
to the rigidity (momentum / charge). When combined with standard analysis techniques to reconstruct the originating particle's properties it is possible to measure the relative deficit of different cosmic ray primaries and from this their relative abundances can be determined. In particular this technique has the potential to measure the positron fraction (e + /(e + + e − )) and the antiproton ratio (p/p) above 500 GeV.
The EMIS technique requires measuring the cosmic ray flux close to (around 1-2
• away from) a high elevation, partially illuminated Moon. Using the VERITAS telescopes, this can only be done by operating in both RHV and UVF modes simultaneously; for more information see [49] .
Conclusions
Two new observing modes for VERITAS have been presented which increase the available observing time above the typical 1000 hours per year. When operating with both RHV and UVF modes, the RHV mode provides a 13% boost in yearly exposure above 160 GeV and the UVF mode provides an additional 16% boost in yearly exposure above 250 GeV (a combined 30% increase using the two modes). Due to the additional effort involved in installing and removing the filters for UVF mode and an improved understanding of the RHV mode coupled with optimized target selection, it was deemed preferable to maximize the amount of RHV data taken rather than take data in both the RHV and UVF observing modes. Hence, only RHV data were taken during the 2014/15 and 2015/16 seasons. This has resulted in a 26% increase in observing time over each of those seasons, which is only slightly less than the 30% increase that was achieved in the 2013/14 observing season using both modes. Note that in the event of (for example) a particularly spectacular astronomical event, UVF observations could still be conducted.
For the analysis cuts used in this work, the RHV mode gives comparable sensitivity to normal observations, and with a comparable analysis energy threshold (though it has a higher trigger energy threshold). In contrast, UVF has a reduced sensitivity, especially at low energies, and a raised energy threshold. However, it is important to note that despite this, it is still useful observing time.
This additional observing time has been used to increase the live time of the experiment, this allows for deeper exposures, triggering or following up on astrophysical transient events, and facilitating the pursuit of new science goals.
